The shape and stability of a volcano's edifice depends on the relationship between eruption rate and the loss or redistribution of material due to erosion, mass-wasting or deformation. This work provides measurements of deformation and shallow mass-wasting at a stratovolcano immediately after an extended period of growth, and demonstrates that high rates of deformation can be associated with shallow edifice processes. We measure displacements and surface property changes on the upper flanks of Arenal, Costa Rica, after a ∼40 year period of edifice growth. We present high-resolution satellite radar imagery of the 2011-2013 period that provides evidence of frequent rockfalls and of at least 16 slow-moving, shallow landslides (estimated to be 5-11 m thick, total volume = 2.4 × 10 7 m 3 DRE). The 2012 Nicoya Earthquake (Mw 7.4) had no measurable impact on the velocities of sliding units at Arenal, but did result in an increase in the area affected by rockfall.
INTRODUCTION
The stability of a volcanic edifice depends on the ratio of its exogenous growth to mass loss due to erosion or mass wasting (e.g., Baldi et al., 2008) and mass redistribution due to deformation or compaction (e.g., Borgia et al., 2000; Ebmeier et al., 2012) . In tectonic mountain ranges the movement of mass downslope depends on elevation, weathering rate, and the frequency of slope failure (e.g., Hovius et al., 1997; Montgomery and Brandon, 2002) . The term mass-wasting refers to processes with a range of timescales and depths, from sudden sector collapse or debris avalanches to the slow creep of slopes. At volcanoes, the potential for slope failure may be enhanced by the intrusion of magma into the edifice, the movement of faults (e.g., Simkin, 2002) or the gradual alteration of rocks by exposure to magmatic and hydrothermal heat and fluids (Reid et al., 2001; Ball et al., 2013) . Sporadic, high growth rates during eruptions lead to oversteepening (e.g., Sparks et al., 1998; Wadge et al., 2006) , which, along with the presence of poorly consolidated deposits such as tephras and pyroclastic flows, also make mass wasting processes at volcanoes distinct from tectonic mountains.
The highest rates of shallow mass wasting, erosion, and edifice deformation take place immediately after edifice growth, as young deposits contract and consolidate, loose material is eroded and the edifice and substrate respond to the increased load. Making in situ measurements after an eruption is challenging, due to uncertain levels of hazard and unstable slopes. So far, there have been few observations of these post-eruptive processes. The subsidence of recent lava flows has been measured using satellite radar (e.g., Stevens et al., 1999; Lu et al., 2005) , but the rapidly changing surfaces of the fresh lavas mean that measurements were only possible months to years after emplacement. Whelley et al. (2011) describe the development of a network of fractures in unconsolidated pyroclastic flow deposits at Lascar, Chile, subsiding at ∼1 cm/year. Observations of the rate of flow deposit deformation, and the response of a volcanic edifice to new loads are important for understanding hazard from rockfalls and landslides following an eruption. The sensitivity of volcanic slopes to external triggers, such as hydrological loading or seismic shaking is also a consideration for hazard assessment. In the longer term, mass may be redistributed during spreading processes (e.g., Piton de la Réunion, Froger et al., 2004 and Kilauea, Cervelli et al., 2002) , which reduce the likelihood of sudden slope failure.
This study presents high-resolution observations of deformation and surface change at Volcán Arenal, Costa Rica, using TerraSAR-X (TSX) images between 2011 and 2013. TSX has a high spatial resolution (2 × 3 meters, Stripmap) and short repeat interval (11 days). It therefore provides an opportunity to measure localized, rapid volcanic processes that were previously unobservable in SAR data (e.g., ENVISAT ASAR, resolution 30 × 100 meters & repeat interval 35 days). For example, Salzer et al. (2014) measured pre-explosive inflation of the lava dome at Colima 7 h before an eruption in January 2013, a transient process that would almost certainly have been missed without TSX data. A set of 25 TSX images have allowed us to make the first displacement measurements as far up as Arenal's summit, and to identify subtle variations in deformation pattern over different time periods. In addition to long-wavelength subsidence and the lava flow-wide compaction processes identified by earlier studies (Ebmeier et al., 2010; Mora et al., 2013) , we show here that there is a heterogeneous deformation process taking place at elevations of ∼900-1600 m on Arenal's upper slopes. Material is transported downslope in multiple shallow units, which we interpret as slow-moving landslides, with time-averaged displacement rates of up to 7-10 cm/year. We examine the impact of the 2012 Nicoya Earthquake on landsliding and rockfalls at Arenal using both deformation and surface change data derived from satellite radar. This work provides rare measurements of deformation and gradual mass wasting at a stratovolcano following an extended period of growth and demonstrates that shallow movements within young deposits can contribute to high rates of deformation.
BACKGROUND
Volcán Arenal, Costa Rica, stopped erupting in 2010 after almost 42 years of activity. Its most recent phase of activity began with a lateral blast eruption to the West, followed by several decades of lava effusion, mostly on the volcano's western side (Alvarado et al., 2006) . Its edifice grew by a dense rock equivalent volume of 551 × 10 6 m 3 ( Figures 1A,C , Wadge et al., 2006 Wadge et al., ) between 1968 Wadge et al., and 2004 , a time averaged rate of ∼15 × 10 6 m 3 /year. The rate of effusion decreased after 1988 ( Figure 1C) , and there were no lava flows, significant explosions or major seismic events after 2010.
Arenal is a young, small stratovolcano (volume ∼10 km 3 ), with a layered internal structure of lavas and fragmental deposits. The post-1968 deposits on Arenal's western flanks consist primarily of block lavas, though a'a flows were produced early in the eruption and were still present close to the summit in the early 1980s. Active lava flows were typically 10-15 m thick near the vent, and about 15-30 m thick at the base of the volcano where channels were mature (Cigolini et al., 1984) . The hot core of advancing block lavas were surrounded by a layer of debris and topped by cooled, lower density, vesicular crust ( Figure 1B , Borgia et al., 1983) . Deposits on the volcano's upper flanks are the remains of flows that collapsed when lava supplies ceased and the hot, low viscosity cores continued to flow downslope, leaving layers of brittle crust and debris (Cigolini et al., 1984) . Today lavas are stratified, intensely fractured and well drained, with interbedded layers of tephras. Pyroclastic flow deposits from 1992 to 2001 also left blocks of 5-10 m diameter on Arenal's upper slopes (Cole et al., 2005) . The thickness of post-1968 material is almost 300 m at Arenal's summit.
On 05.09.2012 a M w 7.4 earthquake ruptured a 70 km length of the plate boundary beneath Costa Rica's Nicoya Peninsula (Yue et al., 2013) . This earthquake produced "strong" shaking (peak acceleration between 0.05 and 0.15 ms −2 ) at Arenal (Laboratorio de Ingeniería Sísmica, Universidad de Costa Rica; USGS Shakemap, Wald et al., 2005) , modeled peak dynamic stress with a radial component of the order of 0.4 MPa (Gratton, 2014) and elevated numbers of microearthquakes in the area around the volcano. Changes on the volcano's surface are visible in photographs taken before and after the earthquake (Figures 2A,B) .
Measurements of subsidence at Arenal have been made for several decades, including dry tilt meter (1986 ( -2000 ( , Mora et al., 2013 , Electronic Distance Meter (EDM, Avard et al., 2012) campaign GPS (Feng et al., 2012; Muller et al., in press) and InSAR (Ebmeier et al., 2010) , circles show the positions of reflectors used in Electronic Distance Meter measurements and triangles indicate the positions of campaign GPS points (Muller et al., in press ). (B) Sketch of the internal structure of Arenal's post-1973 lava active flows after Borgia et al. (1983) and Cigolini et al. (1984) (C) Cumulative Dense Rock Equivalent volume erupted at Arenal Volcano as estimated by Wadge et al. (2006 Wadge et al. ( ) between 1968 Wadge et al. ( and 2004 and from analyzing the topographic component of TSX interferograms (e.g., Ebmeier et al., 2012) . ( , Ebmeier et al., 2010 . Ground based instruments (locations shown on Figure 1A ) are located at elevations below 1000 m and indicate an apparently smooth deformation field with subsidence centered on the volcano. From 1986 to 2000, tiltmeters registered tilt toward the volcano's edifice (Mora et al., 2013) , and from 1991 to 2012 EDM measurements show a contraction of between 1 and 7 cm/year (Avard et al., 2012) . On a broader scale, GPS stations surrounding Arenal at distances >5 km detect subsidence of the order of a few millimeters. These long spatial wavelength subsidence signals have been attributed to an elastic response to loading by the post-68 lava fields (Mora et al., 2013) , consolidation of erupted material (Alvarado et al., 2010) and subsidence of basement below Arenal's edifice over the past 7000 years (Alvarado et al., 2010) . Our earlier InSAR study (Ebmeier et al., 2010) measured deformation further up the volcano at heights <1200 m, where deformation rates were as high as 12 cm/year. These InSAR measurements showed close to vertical subsidence at the base of the volcano, similar in magnitude to the ground-based measurements, but a much larger component of faster westward motion at elevations > ∼900 m. This higher magnitude, westward motion was attributed to gravity-driven slip, though the depth to sliding plane was unconstrained. Radar imagery from 2005 to 2009 (RadarSat and ALOS) was not of sufficient spatial resolution to tell whether displacements were limited to a single sliding unit of lavas emplaced since 1968, or comprised of discontinuous movements of many smaller constituent slides. Discriminating between these two scenarios has implications for hazard at Arenal: the potential magnitude of debris volume or decompression after a sudden failure is much greater for a single, large unit than multiple smaller ones.
MATERIALS AND METHODS

SATELLITE DATA
We use 25 images acquired by the Deutsches Zentrum für Luftund Raumfahrt (DLR) satellite, TerraSAR-X (TSX, Stripmap mode), between June 2011 and September 2013 (Supplementary Table 1 ). Radar images are composed of amplitude and phase components, both of which depend on satellite position and the scattering and reflecting properties of the Earth's surface. Deformation can be retrieved from maps of phase change (interferograms) if contributions from backscatter are similar enough between two images to cancel each other out. The short wavelength (λ = 0.03 m) of TSX data coupled with the high spatial and temporal resolution (∼3 m, 11 day repeat interval) result in significantly better phase coherence than was previously achievable (Ebmeier et al., 2010 (Ebmeier et al., , 2013 , making measurements close to Arenal's summit possible for the first time ( Figures 1A, 3) .
Interferograms for all Single Look Slant range Complex (SSC) images are constructed using both the Repeat Orbit Processing software (ROIPAC, developed at Caltech/JPL, Rosen et al., 2004) and the Delft Object-oriented Radar Interferometric Software (DORIS, Kampes and Usai, 1999) . Topographic contributions to phase are corrected using NASA's Shuttle Radar Topography Mission (SRTM) Digital Elevation model (acquired in 2000, Rosen et al., 2001 ). We estimate elevation changes for 2000-2011 by finding the relationship between perpendicular baseline and phase for our set of TSX images. This can be used to estimate the change in topography since the DEM was acquired (e.g., Sigmundsson et al., 1997) , and an approach for measuring change in lava flow heights is described in detail by Ebmeier et al. (2012) . We subtract the topographic change between 2000 and 2004 (11 Mm 3 DRE, measured by Wadge et al., 2006) to estimate Figure 1 ). The average height of ambiguity (h a )-the altitude difference needed to produce 2π phase change -is 35 m in our interferograms 1 . Therefore, the only places where topographic errors are likely to be introduced are over the very thickest parts of the most recent flows in interferograms with perpendicular baselines that exceed 106 m. We exclude observations over the area of topographic change (marked on Figure 5B ) from high baseline interferograms from our interpretation.
Mean velocities are retrieved using a persistent scatterer method (STAMPS, Figure 3 , Hooper et al., 2004) , which limits analysis to particularly stable pixels that remain coherent through time, and in this case improves the spatial coverage of InSAR measurements (Figure 3) .
IDENTIFICATION OF LANDSLIDES AND ROCKFALLS
Individual TSX interferograms show distinct deformation patterns, with different sections of Arenal's slopes sliding at slightly different rates. We analyse the patterns of deformation in a subset of coherent, wrapped interferograms that span ∼3 to 12 months, to map the boundaries between units with differences in deformation rate. Three independent, wrapped interferograms are shown in Figure 4 , so that each full cycle of the color scale (fringes) represents 2.8 cm displacement. Landslide boundaries ( Figures 4B,E,H) were identified as abrupt offsets in fringes or changes in fringe orientation, sometimes accompanied by thin, linear incoherence (Synthesis of unit outlines on Figure 5A ).
In addition to the movement of the ground, phase in interferograms may contain contributions from orbital ramps, errors in the DEM used to remove topographically correlated phase, and changes in atmospheric composition. Uncertainties in our topographic corrections were high, so it is possible that this has introduced artifacts to our high baseline (>106 m) interferograms, but, with the exception of units 5-7 (indicated on Figure 5A ), which are located on lava flows emplaced between 2000 and 2004, the units we have identified do not coincide with the zones where topography has changed since 2000. Units 5-7 also appear in interferograms with lower perpendicular baselines (e.g., Figures 4A,D) , where they are unlikely to be topographic artifacts. Coherence is limited to young deposits at Arenal, so that we have insufficient data to remove residual orbital ramps empirically from the far-field. Atmospheric phase delay, which typically varies on the kilometer scale (e.g., Hannsen, 2001 ) is also difficult to identify without a priori knowledge of tropospheric water vapor and hydrostatic pressure. We therefore expect individual interferograms to contain uncertainties from both orbital ramps and atmosphere (e.g., Ebmeier et al., 2013) . Although this means that rates estimated from individual interferograms may be unreliable, the shape and location of the fringe offsets and changes in orientation used to identify unit boundaries are not likely to be affected by the much longer wavelength orbital and atmospheric phase contributions. We therefore use individual interferograms to assess the shape of moving units, but estimate displacement rates using multi-interferogram methods that mitigate atmospheric and orbital contributions.
To examine changes to surface scattering properties, we use geocoded backscatter amplitude maps that have been corrected for both Earth ellipsoid and SRTM topography (TSX Enhanced Ellipsoid Corrected product, EEC). This reduces differences in intensity caused by changing viewing geometries, so that the differences between such images are dominated by changes in the scattering and reflecting properties of the Earth's surface. We represent intensity change using a scaled RGB image where the first image is red, second image is green and the scaled difference between them is blue (after Wadge et al., 2011; see Figure 6 ). In the resulting image, yellow indicates no change in amplitude, magenta indicates a decrease, and cyan an increase. Change detection images of this type can be interpreted in terms of changes to local slope and/or surface roughness at a scale similar to the radar wavelength (in this case 3 cm). Regions that are rough on this scale appear dark (e.g., drainage channels on Figures 6A-E) , while smoother surfaces appear brighter (ridges of lava on Figures 6A-E) .
RESULTS
Time-averaged velocities measured using persistent scatterer analysis for 2010-2013 (Figure 3) show the subsidence of the entire western flank of Arenal. The velocities have a similar spatial pattern and magnitude to earlier measurements (Ebmeier et al., 2010; Mora et al., 2013) . Although displacement rates in the upper edifice may have decreased slightly, differences in displacement rate between 2005-2009 and 2011-2013 are within expected uncertainties. For example, at Crater A ( Figure 1A) line-of-sight displacement rate was −11 ± 2 cm/year in 2005-2010 (Ebmeier et al., 2010) and −7.3 ± 0.8 cm/year in 2011-2013. Peak displacement rate (−10 cm/year) is close to Arenal's summit. The viewing geometry of the images (heading = −167 • ; incidence angle = 37 • ) is sensitive to East-West and vertical, but not North-South movements, so although line-of-sight displacement appears to be slightly higher to the West of the summit than to the North or South, this may be an artifact of viewing geometry. Although consolidation of recent deposits at Arenal is expected to contribute to the net deformation rate, and may be responsible for the similarity in deformation rate around the edifice, it is unlikely to be the primary mechanism for the large horizontal component of motion on the volcano's upper flanks (Ebmeier et al., 2010) .
The TSX data allow us to examine deformation patterns on the upper slopes of Arenal in detail for the first time. Between elevations of ∼800 and 1200 m, deformation rate increases rapidly. There is a slight increase in the gradient of the edifice's slopes in this area (see Figure 5B) , above which phase patterns are heterogeneous, with abrupt offsets and changes in the orientation of fringes. These phase patterns are best explained by localized variations in deformation rates. They are present equally in interferograms with short and long perpendicular baseline, and are therefore unlikely to be generated by inaccurate topographic corrections. Furthermore, they do not have the characteristics of atmospheric artifacts, being (1) short wavelength (0.1-1 km), (2) consistent in shape in multiple independent interferograms and (3) consistent in sign in interferograms with a date held in common.
INTERPRETATION OF DEFORMATION FIELD
We find evidence of up to sixteen distinct units. Time-averaged deformation rates over the upper parts of Arenal's edifice are similar, so it seems likely that the heterogeneities in fringe pattern are the consequence of slight variations in the rate of motion of different units over time. These variations are of the order of one fringe or less, or <1 cm/year. If these disparities in displacement rate were the consequence purely of consolidation, we would expect the highest displacement rates to be limited consistently to the youngest (marked on Figure 5B ) and thickest (Figure 1) deposits, rather than to be similar over the upper parts of the edifice.
The small sliding units identified on Arenal's upper flanks are consistent with translational landslides or block slides: (1) displacements are planar with no evidence of rotation or backward tilting and (2) the moving masses appear to consist of a few closely related units (e.g., Varnes, 1978) . Landslides have faster moving depletion zones at their heads and lower displacement rate accumulation zones at their toes. The heads of the units identified at Arenal are moving at apparent time-averaged rates of −6 to −10 cm/year, with displacement rates decreasing smoothly to the toes, where slopes become slightly shallower, and which move at only −3 to −5 cm/year. Although this trend would be consistent with active landslides, our measurements at Arenal are expected to include the sum of several deformation processes, including loading (Mora et al., 2013) and the contraction and consolidation of young lavas. Our measurement of the deformation at the toe of the landslides may include a component of uplift, but it is not possible to isolate this from the combined displacement signal, which shows subsidence. Two moving units (11 and 14, Figure 5A ) were present in all of the interferograms examined. One of these units (14) appears to move very slightly faster than the surrounding units and is perhaps responsible for the surprisingly square time averaged deformation signal noted in some lower resolution interferograms (Ebmeier et al., 2010 , Figure 2 ). Most units appear in just a few interferograms, but one narrow unit of ∼150 m across (5, 6, 7, Figure 5A ) can be tracked in sequential interferograms: it moved more slowly than its neighboring units in October 2011 to May 2012 and then faster in October 2012 to January 2013, either during a single slip event or due to an increase in rate .These units are coincident with some of the most recent lava flow and pyroclastic deposits at Arenal (outlined on Figure 5B ) and may be in an earlier stage of stabilization than other parts of the edifice. There may be some error from the topographic corrections over these young flows, but as this unit is present in some very short baseline interferograms (e.g., Figure 4A ), this effect is thought to be minor. The heterogeneous shape of the secondary characteristics of the deformation field may follow the internal structure of the post-1968 lava fields, with variations in the rate of motion due to stick-slip motion on different sliding planes. The small areas of these units (average width = 600 m) suggest that they are relatively shallow, independently moving slides.
SPATIAL EXTENT OF ROCKFALLS
Intensity change images show continual surface alteration associated with reworking by semi-continuous rockfalls and rainwater erosion within drainage channels on Arenal's upper slopes. These rockfall zones (dark magenta-cyan on Figure 6 , outlined in white) extend from elevations of ∼1200-1600 m, and are separated by stable ridges of lava (brighter yellow on Figure 6 ).
In change detection images that span the 2012 Nicoya earthquake, the extent of the reworked drainage channels is slightly greater: the end of the dark channels extend further downslope by 20-100 m (Figure 6) . The same increases in extent of rockfalls are identified by analysing interferometric phase correlation (e.g., Seymour and Cumming, 1994) . Correlation values take their maximum value (1) where neighboring pixels have identical phase values, and minimum value (0) if pixel phase is entirely independent of its neighbors. Pixels will be decorrelated in an interferogram if objects within them either alter their physical properties or move between the acquisition of master and slave radar images. We compare the mean correlation of all of the 22-day interferograms in our dataset to the correlation of the 22-day image that spans the Nicoya Earthquake ( Supplementary  Figure 2) . Correlation values at the base of drainage channels were ∼0.2 lower in the interferogram that spanned the earthquake than on average (standard deviation =∼0.1), suggesting greater changes in scattering properties over this area.
DISCUSSION RESPONSE TO EXTERNAL TRIGGERS
Landslides are initiated when the frictional forces on a failure surface are exceeded. This can be caused by ground shaking if accelerations are sufficient to overcome cohesion and internal friction, or by an increase in pore fluid pressure on a failure surface that decreases shear strength. The upper slopes of Arenal are highly fractured and therefore well-drained, so hydrological loading is unlikely to be important in this case. We test this by making a coarse comparison of apparent displacement rate using interferograms within the Costa Rican "dry" (December-January, n = 5) and "wet" (May-November, n = 12) seasons. As expected, these show no difference in rate exceeding our expected errors, or in the spatial extent of displacements.
Shaking during an earthquake, however, is considered a potential landslide triggers at Arenal (Alvarado et al., 2010) . A comparison of mean velocities derived from persistent scatterers for periods before, spanning and after the Nicoya earthquake also finds no significant difference in the rate or extent of deformation near Arenal's summit. There is a consistent offset of −1 cm on the lowest parts of the lava fields in interferograms spanning the earthquake and we speculate that this may relate to the withdrawal of groundwater facilitated by shaking (e.g., Wang et al., 2001) .
We use a set of four change detection images with the first date (02.07.2012) in common to map the extent of the changing area covered by rockfalls between July and October 2012. The difference in rockfall area for pairs before (gray in Figure 7 ) and spanning (red in Figure 7 ) the earthquake is markedly greater than the changes over other time periods. Where both images were acquired after the earthquake, the extent of the rockfall zone is similar to that in the pre-earthquake maps. The 2012 Nicoya Earthquake was therefore associated with elevated volume and area of rockfalls at 1100-1250 m elevation that took place either during the earthquake or within 24 h after it, when the first post-earthquake TSX image was acquired. 
LANDSLIDE THICKNESS
To test our conjecture that the landslides are shallow, we use scaling relationships to estimate average landslide depths from their areas. Estimates of landslide volume (V) and erosion are commonly made from landslide area (A) using scaling relationships of the form V = αAγ, where the exponent (γ) and intercept (α) are derived from field measurements (e.g., Hovius et al., 1997; Larsen et al., 2010) . These studies of shallow landslides are based on the analysis of landslide scars and clearly disturbed material after rapid mass wasting in soils and weathered bedrock. The processes at Arenal, in contrast, are "slow" landslides (<10 cm/year), taking place in well-drained, intensely fractured material. Alvarado et al. (2010) made geotechnical measurements of rocks at Arenal and observe that the alternating highly fractured lavas and tephras "behave as a unique unit of soil with large blocks" and that failure is most likely to occur along stratification surfaces. Tephra and pyroclastic deposits have the potential to weather to produce low shear strength layers (e.g., Wada, 1987) . If the process at Arenal is comparable to the non-volcanic landslides studied by Larsen et al. (2010) , the average landslide depth as a ratio of volume to area would range from 5 to 11 m (± ∼1% uncertainty in scaling relationship plus an estimated 20% uncertainty in estimation of landslide area). The two units that persist from 2010 to 2013 (11 and 14, Figure 5 ) may be as thick as 9-11 m, while short-lived, smaller units appear to be shallower (Table 1, Supplementary Table 2 ). The repeat time of TSX images may limit our ability to identify units where movements are similar to neighboring blocks, so that some landslide areas and therefore depths, may be overestimates. It is also possible that some of the moving units are coherent layers, such as individual lava flows, sliding on layers of low shear strength, such as altered tephras. In this case the scaling relationship described above would not capture the processes taking place at Arenal.
DEPOSIT STABILITY
About 7% of Arenal's surface area (2.7 × 10 6 of ∼3.8 ×10 7 m 2 ) is covered by active landslides. If these landslide may be considered analogous to non-volcanic shallow landslides, the total volume of sliding material between 2011 and 2013 is 2.8 × 10 7 m 3 , or 2.4 × 10 7 m 3 Dense Rock Equivalent (DRE) volume (after Wadge et al., 2006) . This is ∼4% of the 5.6 × 10 8 m 3 DRE added to the volcano between 1968 and 2011 (1968-2004 = 5 .5 × 10 8 m 3 DRE, Wadge et al., 2006; = 7 × 10 6 m 3 DRE, this work, after Ebmeier et al., 2012) .
Ground shaking during the 2012 Nicoya earthquake was sufficient at Arenal to cause an increase in the extent of superficial rockfalls. However, there is no evidence of sudden failure or increased slip rate of any of the sliding units during the earthquake, suggesting that their movement is effective in stabilizing the most recent deposits on the volcano's upper slopes. There may be evidence of the long-term impact of such a process on Arenal's older, eastern flanks. Cecchi et al. (2004) observe three step-like features on the eastern flank (identified from DEM and aerial photographs) and attribute them to folds in the lava surface where layers are sliding downslope.
In the absence of a resurgence of eruptive activity, Arenal's young deposits are likely to continue both to slide downslope and consolidate, resulting in combined subsidence with a rate that decreases over time over much of Arenal's upper slopes. There have not been observations of widespread rock alteration at Arenal, despite the presence of an active hydrothermal system (Cecchi et al., 2004) . Measurements of surface processes are important for the assessment of hazard at both active and quiescent volcanoes and allow us to distinguish between developing instabilities (increasing rate, deep rupture surface) and mass-spreading or stabilization (decreasing rate, many shallow units).
CONCLUSIONS
We provide evidence of thin-skinned mass wasting processes superimposed on longer wavelength subsidence at a continental stratovolcano following an extended period of eruption. We map 16 shallow landslides (5-11 m depth, 4% of post-1968 deposits) and expect failure planes to be associated with layers of blocky debris and lava crust. Rockfalls and shallow translational landsliding have a stabilizing effect on fresh deposits at Arenal that may reduce their susceptibility to external triggering of slope failure. The 2012 Nicoya Earthquake caused an unusually large extent of rockfalls, but no significant changes to the displacement rate of landsliding. Our measurements at Arenal demonstrate that high rates of deformation can be caused by shallow edifice processes, and should therefore be considered in the interpretation of geodetic measurements of post-eruptive subsidence. DLR's TanDEM-X data (GEO1069) were acquired with support from NERC small grant (NE/I015760/1). We thank Geoff Wadge, Tamsin Mather and Liz Holcombe for useful discussions.
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